Nonspecific protein-DNA interactions are inherently dynamic and involve both diffusion of the protein along the DNA and hopping of the protein from one DNA molecule or segment to another. Understanding how gene regulatory proteins interact nonspecifically with DNA in terms of both structure and dynamics is challenging because the experimental observables are an ensemble average of many rapidly exchanging states. By using a variety of NMR spectroscopic techniques, including relaxation analysis, paramagnetic relaxation enhancement, and residual dipolar couplings, we have characterized structural and kinetic aspects of the interaction of the HoxD9 homeodomain with a nonspecific, 24-bp DNA duplex in a system in which the protein is not constrained to any particular site. The data reveal that HoxD9 binds to nonspecific DNA with the same binding mode and orientation as that observed in the specific complex. The mobility, however, of Arg side-chains contacting the DNA is increased in the nonspecific complex relative to the specific one. The kinetics of intermolecular translocation between two different nonspecific DNA molecules have also been analyzed and reveal that at high DNA concentrations (such as those present in vivo) direct transfer from one nonspecific complex to another nonspecific DNA molecule occurs without going through the intermediary of free protein. This finding provides a simple mechanism for accelerating the target search in vivo for the specific site in a sea of nonspecific sites by permitting more effective sampling of available DNA sites as the protein jumps from one segment to another. dynamics ͉ nonspecific binding ͉ protein-DNA interactions ͉ structure T he process whereby transcription factors are able to efficiently and rapidly locate their specific DNA target sequence in the presence of an enormous background of nonspecific DNA sites has been the subject of considerable interest in molecular biophysics. Nonspecific DNA binding is thought to play a critical role in increasing the efficiency with which a transcription factor locates its specific target site, either through one-dimensional diffusion along the DNA or by intersegment transfer from one location on the DNA to another (1, 2). Because the typical equilibrium dissociation constant (K D ) for nonspecific DNA binding is much smaller than the DNA concentration in the nucleus [Ϸ100 mg͞ml corresponding to Ϸ150 mM on a base pair basis (3)], any excess of a given gene-regulatory protein will be bound to nonspecific DNA rather than remain free in solution (4). Understanding how proteins are bound nonspecifically to DNA and how they diffuse on the DNA in their search for a specific target sequence is therefore important.
Nonspecific protein-DNA interactions are inherently dynamic and involve both diffusion of the protein along the DNA and hopping of the protein from one DNA molecule or segment to another. Understanding how gene regulatory proteins interact nonspecifically with DNA in terms of both structure and dynamics is challenging because the experimental observables are an ensemble average of many rapidly exchanging states. By using a variety of NMR spectroscopic techniques, including relaxation analysis, paramagnetic relaxation enhancement, and residual dipolar couplings, we have characterized structural and kinetic aspects of the interaction of the HoxD9 homeodomain with a nonspecific, 24-bp DNA duplex in a system in which the protein is not constrained to any particular site. The data reveal that HoxD9 binds to nonspecific DNA with the same binding mode and orientation as that observed in the specific complex. The mobility, however, of Arg side-chains contacting the DNA is increased in the nonspecific complex relative to the specific one. The kinetics of intermolecular translocation between two different nonspecific DNA molecules have also been analyzed and reveal that at high DNA concentrations (such as those present in vivo) direct transfer from one nonspecific complex to another nonspecific DNA molecule occurs without going through the intermediary of free protein. This finding provides a simple mechanism for accelerating the target search in vivo for the specific site in a sea of nonspecific sites by permitting more effective sampling of available DNA sites as the protein jumps from one segment to another.
dynamics ͉ nonspecific binding ͉ protein-DNA interactions ͉ structure T he process whereby transcription factors are able to efficiently and rapidly locate their specific DNA target sequence in the presence of an enormous background of nonspecific DNA sites has been the subject of considerable interest in molecular biophysics. Nonspecific DNA binding is thought to play a critical role in increasing the efficiency with which a transcription factor locates its specific target site, either through one-dimensional diffusion along the DNA or by intersegment transfer from one location on the DNA to another (1, 2) . Because the typical equilibrium dissociation constant (K D ) for nonspecific DNA binding is much smaller than the DNA concentration in the nucleus [Ϸ100 mg͞ml corresponding to Ϸ150 mM on a base pair basis (3)], any excess of a given gene-regulatory protein will be bound to nonspecific DNA rather than remain free in solution (4) . Understanding how proteins are bound nonspecifically to DNA and how they diffuse on the DNA in their search for a specific target sequence is therefore important.
Although some crystallographic and NMR structural studies of nonspecific protein-DNA complexes have been reported, in each case the system was constrained such that the protein could only be located at a single site on the DNA oligonucleotide used (5) (6) (7) (8) (9) . Although such studies provide structural information at atomic resolution, the biological relevance of the observed binding modes remains questionable because it is hard to exclude the possibility that these structures may represent partially specific complexes or be heavily influenced by either crystal packing forces or the use of cross-linking agents to fix the complex at a single location. Structural characterization of nonspecific protein-DNA interactions without constraining the protein to a particular site on the DNA is therefore essential but challenging given that the experimental observables represent an ensemble average of various rapidly exchanging states in which the protein is located at multiple sites on the DNA.
By using a variety of NMR spectroscopic techniques, in this paper we characterize the structural and kinetic features of a nonspecific protein-DNA complex in which the protein can both slide and hop on the DNA. The model system involves homeodomain-DNA interactions that have been extensively characterized by biophysical and biochemical means (10) . The sequence specificities of homeodomains are modest and the affinities for specific sites are Ϸ200-fold greater than those for nonspecific sites (11) (12) (13) . In previous work on the specific HoxD9 homeodomain-DNA complex, we were able to directly detect very low population transient intermediates stochastically bound to nonspecific sites by means of intermolecular paramagnetic relaxation enhancement (PRE) measurements (11) . Although some general structural features of the nonspecific complexes could be deduced, the information was very limited because of the high population (Ͼ99%) of the specific complex. Here, we disrupted the specific target site in the original DNA sequence and analyzed the protein bound to two nonspecific 24-bp DNA duplexes. Because these oligonucleotides are much longer than the length of DNA covered by homeodomain binding and because neither specific nor semispecific recognition sequences are present, the protein can freely diffuse along the DNA. nonspecific complexes of the HoxD9 homeodomain bound to the Nhb (Fig. 1b) and Zhb (data not shown) oligonucleotides are very similar, well resolved, and significantly different from those of either the specific complex or the free protein (Fig. 1b) . Only a single 1 H-15 N cross-peak per residue was observed for the nonspecific complexes, despite the presence of many potential sites for nonspecific binding. 1 H N -⌫ 2 PRE data were recorded for the nonspecific complex with the Nhb DNA duplex and the specific complex with the Shb DNA duplex under identical experimental conditions at a salt concentration of 20 mM NaCl with oligonucleotides derivatized with dT-EDTA at two sites (I and II) located at each end of the duplex (Fig. 1a) . The PRE profiles for the specific and nonspecific complexes were completely different (Fig. 1c) . For the specific complex, the 1 H N -⌫ 2 values were small, with maximum values Ͻ20 s Ϫ1 and consistent with the Mn 2ϩ -1 H N distances in the structure of the specific complex (modeled from the 2.4-Å resolution crystal structure of the highly homologous Antennapedia homeodomain-DNA complex) (14) with a PRE Q factor (15) of Ϸ0.32. In contrast, the 1 H N -⌫ 2 values for the nonspecific complex were very large, with several cross-peaks, located at the N terminus and at the N-terminal ends of helices 1 and 2, broadened beyond the limits of detection (⌫ 2 Ͼ 100 s Ϫ1 ). The PRE profiles for the nonspecific complex were inconsistent with the structure of the specific complex with a PRE Q factor of Ϸ0.83. Equally importantly, the PRE profiles arising from Mn 2ϩ at sites I and II are very similar to each other in the nonspecific complex [as we previously reported for the nonspecific HMGB-1A͞DNA complex (16) ]. These observations can be accounted for by nonspecific protein-DNA interactions in which HoxD9 can be located anywhere on the 24-bp Nhb duplex with an almost uniform distribution in both directions. In addition, translocation between sites is fast on both the chemical shift and PRE time scales.
Kinetics of Intermolecular Translocation. To investigate the kinetics of intermolecular translocation of the HoxD9 homeodomain between two nonspecific DNA duplexes, we used the mixture approach described previously for the analysis of translocation between two specific sites (17). We used a 1:1 mixture of two nonspecific complexes comprising the 24-bp Nhb and Zhb DNA duplexes (Fig. 1a) . The positions of the 1 H-15 N cross-peaks in the mixture of the two complexes are located at the weighted average of the cross-peak positions for the individual complexes, which immediately yields the populations of the two complexes in the mixture (Fig. 2a) . Thus, at 20 mM NaCl, the intermolecular translocation process whereby a HoxD9 homeodomain is transferred from one nonspecific DNA molecule to another is in fast exchange on the chemical shift time scale. In contrast, translocation between specific sites under the same experimental conditions is in the slow exchange regime (17). Because zexchange spectroscopy is not applicable in the fast-exchange regime, we measured exchange contributions to 1 H transverse relaxation rates (R 2 ) to quantitatively analyze the kinetics of intermolecular translocations between nonspecific duplexes. 1 H N -R 2 rates were measured for the two individual nonspecific complexes and their 1:1 mixture by using Lorentzian line-shape fitting of cross-peaks in the 1 H acquisition dimension of twodimensional 1 H-15 N HSQC spectra. For residues with significant chemical shift differences between the two nonspecific complexes, the R 2 relaxation rates measured for the 1:1 mixture are larger than those for the individual nonspecific complexes (Fig.  2b) . The increase in R 2 is due to the additional exchange contribution arising from the intermolecular translocation process. The overall R 2 relaxation rate for the mixture is given by relaxation rates for the individual states; and R ex inter is the exchange contribution arising from intermolecular translocation of HoxD9 between the Nhb and Zhb DNA duplexes. Note that exchange contributions arising from intramolecular translocation (which are independent of the concentration of free DNA) are included in the R 2 Nhb and R 2 Zhb terms and that the chemical shift differences for HoxD9 bound to each potential nonspecific site are expected to be just as large as the difference in the observed chemical shifts between the two nonspecific complexes, which represent ensemble averages of all states present. Because the measured R 2 Nhb and R 2 Zhb rates appear to be independent of free DNA concentration, whereas the R 2 mixture rate clearly decreases as a function of free DNA concentration, one can deduce that the rates for intramolecular translocation are in all likelihood much faster than those for intermolecular translocations (Fig. 2b) . The two-state exchange process (with no refocusing pulses involved) can be described by the McConnell equations (18) , giving R ex inter as (19)
and
where k Zhb3 Nhb inter and k Nhb3 Zhb inter are the protein translocation rate constants, and ␦ Nhb Ϫ ␦ Zhb  is the chemical shift difference between the two nonspecific complexes measured in hertz. Because the populations and chemical shift differences can be obtained directly from the 1 H- 15 N HSQC spectra of the 1:1 mixture and the individual complexes, respectively, the determination of the overall intermolecular translocation rate, k ex inter , is straightforward. k ex inter was measured as a function of free DNA concentration while keeping the molar ratio of Nhb and Zhb DNA duplexes constant at 1:1 and was found to be proportional to the free DNA concentration (Fig. 2c) . If the principal mechanism for intermolecular translocation were to involve spontaneous dissociation and subsequent reassociation, k ex inter should be independent of the free DNA concentration (17) because the rate-limiting step at high DNA concentration is the unimolecular dissociation process, which is independent of free DNA concentration. The DNA concentration dependence of k ex inter suggests that the protein is directly transferred from a nonspecific complex to a free nonspecific DNA molecule without going through the intermediary of free protein. This direct transfer mechanism is a second-order reaction with rate constants of 1.5 ϫ 10 6 M Ϫ1 ⅐s Ϫ1 for the transfer from Nhb to Zhb and 1.3 ϫ 10 6 M Ϫ1 ⅐s Ϫ1 for the reverse process. These values are Ϸ25 times larger than that for the transfer between specific sequences under similar conditions (17).
Binding Mode of the Homeodomain Diffusing on Nonspecific DNA.
The binding interface used by HoxD9 to interact nonspecifically with DNA was analyzed by using chemical shift perturbation and PRE arising from paramagnetic cosolute molecules. Large 1 H N ͞ 15 N chemical shift perturbations are observed for residues in helix 3 and the loop between helices 2 and 3 in the nonspecific complex (Fig. 3a) , implying that these residues are located at the binding interface just as in the specific complex. PRE arising from paramagnetic cosolute molecules (20, 21) provides more quantitative information on the binding interface (22) . We used a neutral compound that chelates paramagnetic metal Gd 3ϩ , 3 mM Gd-diethylenetriamine pentaacetic acid-bismethylamide (Gd-DTPA-BMA), as a cosolute and measured 1 H N -⌫ 2 PREs arising from the cosolute (referred to as ⌫ 2 OS ) on the nonspecific and specific complexes and the free protein (Fig. 3b) . Because the PRE correlation time is dominated by translational diffusion of the cosolute (20), the magnitude of ⌫ 2 OS is almost independent of the size of the observed macromolecule. Amino acid residues at the binding interface are less exposed to solvent in the complex and hence should exhibit smaller ⌫ 2 OS rates upon DNA binding. Residues at the interface can be readily identified as those with a ⌫ 2,free OS ͞⌫ 2,bound OS ratio significantly larger than 1. The same regions of the homeodomain in both nonspecific and specific complexes exhibit large ⌫ 2,free OS ͞⌫ 2,bound OS ratios (Fig. 3d ). These data indicate that the HoxD9 homeodomain makes use of the identical binding interface for both nonspecific and specific DNA interactions.
To ascertain the binding orientation of HoxD9 relative to DNA in nonspecific complexes, we analyzed 1 D NH residual dipolar couplings (RDCs) induced by phage Pf1 (23) . One might expect that the RDC data for the nonspecific complex should be very different from those for the specific complex because of the presence of multiple states in the nonspecific complex. However, the results were surprising: 1 D NH data measured on the nonspecific and specific complexes are almost the same, with a correlation coefficient of 0.99, a slope of 1.06, and a pairwise rms difference of 2.3 Hz (Fig. 4) . The agreement between observed RDCs for the nonspecific and specific complexes and those calculated from the crystal structure of the Antennapedia homoedomain-DNA complex are in excellent agreement with the RDC R factors (24) complexes is effectively identical to that of the Antennapedia homeodomain within the errors of the crystal coordinates. The values for the magnitude of the principal component of the alignment tensor, D a NH , are Ϫ18.2 and Ϫ19.4 Hz for the nonspecific and specific complexes, respectively; and both complexes are essentially axially symmetric, with rhombicities of 0.055 and 0.020, respectively. The principal axis, D zz , of the alignment tensor is close to parallel to the long axis of the DNA (Fig. 4) , with an angle between the two axes of 3°for the specific complex and 6°for the nonspecific complex. The small 3°difference in the direction of D zz for the specific and nonspecific complexes is within the experimental uncertainty of Ϸ5° (25) . To account for the RDC data for the nonspecific complex, the following must hold: (i) for each nonspecific site, the binding orientation of HoxD9 with respect to the long axis of the DNA is essentially identical to that for the specific complex (note that, because of axial symmetry, the RDCs are invariant to rotations about the principal axis of the alignment tensor and a 180°rotation about an axis perpendicular to the principal axis); (ii) end-effects that could potentially contribute alternative binding modes are insignificant; and (iii) negative charges on the 24-bp DNA dominate Pf1-induced alignment such that the alignment tensor is minimally sensitive to protein location along the DNA.
We examined the latter hypothesis by using a computational approach. The homeodomain covers a 9-bp region in the specific complex. Hence, a nonspecific 24-bp DNA duplex provides 32 [(24 Ϫ 9 ϩ 1) ϫ 2] nonspecific binding sites. To represent the nonspecific complexes, we generated 16 structure models [derived from the crystal structure of the specific Antennapedia homedodomain-DNA complex (14) ] located at each possible site with the same binding orientation relative to the DNA and the same binding surface on HoxD9 (Fig. 5a) . Note that the other 16 states with the opposite protein orientation are also represented with these 16 structures (e.g., the opposite orientation at the binding site of model 1 corresponds to model 16). The RDCs for the individual states were predicted on the basis of the three-dimensional shapes and charge distributions using the program PALES (26) . The RDC values predicted for the specific complex were highly correlated with those observed experimentally, with a correlation coefficient of 0.95 (see the supporting information, which is published on the PNAS web site), confirming the reliability of the PALES calculation. Fig. 5b shows the 1 D NH profiles predicted for the individual 16 models. The profiles are similar to each other despite the different locations of the protein on the DNA (Fig. 5b) , and the ensemble averages of the RDCs for consecutive multiple states are in excellent agreement with those predicted for the specific complex (Fig. 5  c and d) . Even the small deviation from unity in the slope of the correlation between the RDCs for the nonspecific and specific complexes is reproduced by the PALES calculations. These theoretical results together with the experimental RDC data suggest that the binding orientation of the homeodomain with respect to the long axis of nonspecific DNA is identical regardless of base sequence and is the same as that in the specific complex.
Based on the RDC, PRE, and chemical-shift perturbation data, we conclude that the homeodomain diffuses on nonspecific DNA while retaining the same binding mode as that in the specific complex. This conclusion had been the subject of much speculation for some time, because additional homeodomain molecules bound to nonspecific sites were found in crystals of specific complexes (27, 28) . Although the nonspecific binding mode observed in these crystals was very similar to that of the specific complex, the crystallographic data do not permit one to exclude the possibility that the observed nonspecific binding mode is adopted only for particular DNA sequences that are semispecific or only in the presence of crystal packing forces. The present study provides direct and unambiguous evidence that the homeodomain does indeed adopt essentially the same binding Fig. 4 . Correlation between Pf1-induced 1 DNH RDCs measured on the nonspecific (Nhb) and specific (Shb) HoxD9 -DNA complexes. The red line is the linear regression (slope of 1.06). The data extend from residues 2-60 and include both the N-terminal arm (residues 1-9) and the core domain. The Pf1 concentration was 12 mg͞ml, and the buffer contained 10 mM Tris⅐HCl (pH 6.8) and 20 mM NaCl. The quadrupole splittings of the solvent 2 H resonance were 9.7 and 9.4 Hz for the nonspecific and specific complexes, respectively. mode for nonspecific and specific protein-DNA interactions in solution. In the case of the Lac repressor headpiece dimer, on the other hand, sequence-specific DNA-binding is coupled to the formation of a helix at the dimer interface, and the structures of specific and nonspecific complexes are rather different (8) . Our data suggest that a homeodomain protein searches the DNA by using the same binding mode until it hits a ''sticky spot'' (i.e., the specific target site) for which intermolecular protein-base hydrogen bonding interactions are optimal. This phenomenon might be directly related to the relatively weak sequence specificity of homeodomain proteins with a ratio of nonspecific to specific equilibrium dissociation constants of only Ϸ200 (11-13).
Arg Side-Chain Dynamics in the Nonspecific HoxD9 -DNA Complex. In the specific complex, five Arg side-chains are in contact with DNA (14) . To investigate the mobility of these five Arg sidechains (Fig. 6b ), we compared { 1 H-} 15 N heteronuclear NOEs for the Arg guanidino group in the nonspecific and specific DNA complexes. Because the { 1 H-} 15 N heteronuclear NOE is governed by motions in the picosecond-to-nanosecond time scale, the heteronuclear NOE data on the nonspecific complex should reflect dynamics within the individual states rather than the translocation process itself, which is much slower. The values of the { 1 H-} 15 N NOEs are smaller for the nonspecific than the specific complex ( Fig. 6c ; see also the supporting information); therefore, the Arg side-chains contacting the DNA are more mobile in the nonspecific complex than the specific one.
Arg-5, located in the N-terminal arm, is the only Arg that makes a base-specific contact in the specific complex (14) . The sizeable reduction (Ϸ0.4 units) in the { 1 H-} 15 N heteronuclear NOE for Arg-5 in the nonspecific complex (ϩ0.01) relative to the specific one (ϩ0.43) can be directly attributed to the removal of the base-specific hydrogen bond between the guanidino group of Arg-5 and the O2 atom of a thymine in the minor groove. The loss of this hydrogen bond, however, results in a much smaller increase in backbone mobility for the N-terminal arm because (i) the difference in backbone { 1 H-} 15 N heteronuclear NOEs between the nonspecific and specific complexes in this region is Ͻ0.1 units, and (ii) the RDC data for this region in the nonspecific complex are fully consistent with the structure in the specific complex (see Fig. 4 ).
Concluding Remarks. We have characterized the structural and kinetic features of a nonspecific homeodomain-DNA complex in a truly dynamic system with rapid exchange between a large array of nonspecific sites. Relaxation analysis revealed that intermolecular translocation from one DNA molecule to another occurs via direct transfer. At the high DNA concentrations found in the nucleus, intermolecular translocation affords an important mechanism of transfer for DNA-binding proteins, accelerating the target search process for the specific site among a sea of nonspecific sites by permitting more effective sampling of available DNA sites as the protein jumps from one segment to another. Comparison of RDC and PRE data measured for nonspecific and specific protein-DNA complexes demonstrates that the HoxD9 homeodomain diffuses rapidly along nonspecific DNA by using essentially the same the binding mode and interface as that used for the specific complex. However, heteronuclear { 1 H-} 15 N NOE data indicate that the Arg sidechains in contact with DNA are more mobile in the nonspecific complex than the specific one, indicative of ''looser'' intermolecular interactions. The information provided by the present work is fundamental for understanding how a homeodomain- class gene-regulatory protein diffuses and hops along the DNA in search of specific target sequences.
Materials and Methods
Sample Preparation. HoxD9 homeodomain uniformly labeled with 13 C, 15 N, 2 H, 15 N, and unlabeled 24-bp DNA duplexes were prepared as described (11) . For complex formation, the protein and DNA were mixed at a ratio of 1:2 (DNA-excess) to ensure that all protein was bound to DNA in the NMR samples. For NMR analysis, the protein-DNA complexes were dissolved in 10 mM Tris⅐HCl, pH6.8͞20 mM NaCl͞7% 2 H 2 O. For the free protein, 140 mM Na 2 SO 4 was added to the buffer to increase solubility.
NMR Spectroscopy. Data were recorded on Bruker DMX-500, DRX-600, and DMX-800 spectrometers (Billerica, MA) equipped with cryogenic triple resonance z-gradient probes. All NMR measurements were performed at 35°C, with the exception of experiments used to determine exchange rates that were carried out at 30°C. 1 H, 13 C, and 15 N resonances for the free and DNA-bound proteins were assigned by using three-dimensional, double-and triple-resonance experiments (29) . PRE 1 H N -⌫ 2 data were acquired at 600 MHz by using the two-dimensional 1 H-15 N correlation-based experiment as described (15) . For PRE arising from EDTA-Mn 2ϩ conjugated to DNA (Fig. 1c) , the diamagnetic control was the Ca 2ϩ -chelated state. For PRE arising from paramagnetic cosolute molecule (Fig. 3b) , samples with and without 3 mM Gd-DTPA-BMP (20) were used. A stock solution of 0.5 M Gd-DTPA-BMA (product name, OmniScan) was purchased from Nycomed (Princeton, NJ). 1 D NH RDCs induced with 12 mg͞ml Pf1 phage were measured at 750 MHz by using a two-dimensional 1 H-15 N in-phase͞anti-phase HSQC experiment (30) . Arg { 1 H}-15 N NOEs were measured at 600
MHz by using the water flip-back scheme (31) with a sample pH of 5.8 for better sensitivity. Prediction of RDCs. RDCs were predicted from the threedimensional charge distribution and shape by using the software PALES, which approximates the electrostatic interaction between a solute and an ordered phage particle as that between the solute surface charges and the electric field of the phage (26) . The solute was treated as a particle in the external field of the liquid crystal, and its electrostatic potential was obtained by solving the nonlinear three-dimensional Poisson-Boltzmann equation. The ionic strength was set to the experimental value of 20 mM NaCl. The Pf1 phage particle was represented by an infinite cylinder with a uniform surface charge density of Ϫ0.475 e͞nm 2 and a cylinder radius of 3.35 nm. The liquid crystal order parameter was set to 0.9, and the phage concentration was 12 mg͞ml. The protein was represented by the charges of its ionizable residues, and their protonation state was calculated by using the Henderson-Hasselbach equation. Charges were distributed evenly over the heavy atoms involved. In the case of DNA, a charge of Ϫ0.5 e was assigned to each of the phosphate oxygen atoms.
